Bioremediation processes for metal and metalloid removal by microbial mats, 2002 by Hill, Melissa D. (Author)
ABSTRACT 
CHEMISTRY 
HILL, MELISSA DAWN B.S. ALABAMA A&M UNIVERSITY, 1997 
M.S. CLARK ATLANTA UNIVERSITY, 2000 
BIOREMEDIATION PROCESSES FOR METAL AND METALLOID 
REMOVAL BY MICROBIAL MATS 
Advisor: Professor Rosemarie Szostak 
Dissertation dated May, 2002 
Microbial mats are complex, layered microbial communities dominated by 
cyanobacteria. Mats have been used successfully in the bioremediation of Pb, Cd, Cu, 
Zn, and Mn contaminated water. This study investigated the possible removal of 
problematic soluble metallic ions by microbial mats, using complex carbonated uranium 
and selenate as prototypes. In addition, studies were conducted to determine the ability 
of microbial mats to generate hydrogen, thereby creating ideal reducing conditions for 
removal of metallic ions. Results indicated optimum removal of carbonated uranium and 
selenate was produced by the Rhodospeudomonas group, isolated from the microbial mat 
community. Metallic anion removal rate was dependent on a highly reducing 
environment, characterized by low redox, anoxic conditions, and high reducing 
enzymatic activity. A reducing environment appropriate for metallic anion removal was 
maintained via hydrogen production. Microbial mat maintained with silage media 
generated maximum hydrogen production under low light photosynthetic conditions. 
Hydrogen assimilation was via photosystem I and the nitrogenase enzyme. 
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INTRODUCTION AND STATEMENT OF THE PROBLEM 
1.1 Background 
Two problematic inorganic pollutants in the U.S. are uranium and selenium. Both 
elements are naturally occurring in the environment. However, decades of human 
activities have concentrated uranium and selenium to hazardous levels, resulting in 
contamination of soils, surface and groundwater.1,2 
Uranium is a widespread contaminant introduced into the environment as a result 
of mining and reprocessing activities related to nuclear weapons materials production.3,4 
At DOE facilities, uranium is the most common radionuclide contaminant in 
ground water/sediment systems.4 From World War II through the Cold War, the United 
States government operated numerous uranium mining and reprocessing facilities for the 
production of nuclear weapons.2,3 Uranium was extracted from open pits and 
underground mines with leaching agents such as ammonium carbonate and sulfuric acid 
and then converted to plutonium, a key bomb material, at the reprocessing facilities.3,5 
After the war, many of the sites were abandoned without clean up. To date, U.S. military 
reprocessing operations have resulted in hundreds of millions of gallons of liquid high 
level uranium waste stored in tanks at the Hanford Reservation in Washington, Savannah 
l 
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River in South Carolina, and West Valley in New York.3 Currently, there is no proven 
method or solution for safely and permanently remediating the old reprocessing plants. 
The effect of uranium on wildlife habitats is not well known. However, there has 
been extensive research on the dangers of human exposure to uranium. As long as it 
remains outside the body, uranium poses little health hazard. However, if inhaled or 
ingested, its radioactivity poses increased risks of lung and bone cancer.6 In high 
concentrations, uranium can cause damage to internal organs, notably the kidneys. 
Studies also suggest that uranium may affect reproduction.6 
In the Western United States, irrigation practices of the early 1900s to present day 
have resulted in the leaching and mobilization of selenium from sedimentary deposits and 
soils. Saline drainage waters from irrigated fields are often disposed of by transferring 
them to lagoons for storage and evaporation. As a result, accumulated selenium has 
n 
reached hazardous concentrations. Irrigation drainage water from parts of the San 
Joaquin Valley in California contains levels of selenium that range from 100-1,400 
gg/L.9 The poisoning deaths of wild birds at the Kesterson Reservoir in the San Joaquin 
Valley in the early 1980s were attributed to the selenium from drainage water.9’10 
Environmental release of selenium in agricultural drainage waters has resulted in reduced 
reproduction and deformities in wildlife habitats.8 Following the discovery of selenium 
contamination, the U.S Bureau of Reclamation halted the discharge of agricultural 
drainage waters into the Kesterson Reservoir.8 
Although selenium is a dietary supplement, it can be toxic to animals, plants, and 
humans in high concentrations. Certain forms of selenium are more poisonous than 
arsenic and mercury. ’ There is no known effective treatment for selenium toxicity in 
3 
animals. Exposure to high selenium concentrations has been shown to result in 
blindness, reproductive problems, and mortality in birds and aquatic animals. In humans 
selenium produces a toxic syndrome consisting of dermatitis, loss of hair, and diseased 
nails.7*10 
Several different approaches have been tested for the remediation of both uranium 
and selenium contaminated sites. These include pump and treat, bacterial removal, and 
decontamination by vegetation. However, a rapid, effective, and low-cost method for 
removing these contaminants from solution has not been found. Discovering a practical, 
inexpensive technique of remediation is essential to minimizing environmental 
contamination and ensuring the protection of the ecosystem, at a reasonable cost. 
1.2 Use of Microbial Mats for Remediation of Heavy Metal Contamination 
Microbial mats constructed in the Bioremediation Laboratory at Clark Atlanta 
University have been used in the remediation of several heavy metal contaminants. This 
includes field pond treatment of acid coal mine drainage at the Tennessee Valley 
Authority’s Fabius Coal Mine in Alabama, abandoned mineral mine drainage in 
Colorado, and sanitary landfill leachate at Louisville, Kentucky. In all applications, 
microbial mats were found to be more effective than standard treatment methods, 
resulting in higher metal removal rates over shorter time periods.11 
Microbial mats are natural microbial communities. Mats are dominated by the 
cyanobacteria, Oscillatoria sp., but also contain a variety of other bacteria within the 
mat. ’ Cyanobacteria, which are able to fix both carbon and nitrogen, provide the 
nutrient supply to the mat community.13 
4 
Cyanobacteria also produce negatively charged polysaccharide bioflocculants. 
These bioflocculants are able to bind cationic metals.11 Bender, et al., reported 
correlation between the bioflocculant production and the metal sequestering ability of the 
mats.11,12 Microbial mats have been found to uptake several heavy metals (Pb, Cd, Cu, 
Zn, and Mn) from contaminated waters.1213 
Not only have microbial mats been shown to uptake cationic heavy metals, they 
are also able to mineralize pesticides, PCBs, and oils, as well as degrade Chlordane and 
TNT, which are all done by oxidative/reductive processes.12,13 In addition, mats have 
been found to simultaneously reduce uranium, U02
+2, and chromium, Cr46, from water to 
U+4 and Cr+4, respectively.13,14 This is done by a two-step process involving surface 
sorption followed by enzymatic reduction. Because microbial mats are durable and 
resilant to hostile environmental conditions (chemical toxins, wide range of pH, salinity, 
and temperature levels)13 they are ideal for use in bioremediation. 
1.3 Statement of the Problem 
Both uranium and selenium exhibit complex chemistry which has complicated 
remediation efforts. In the environment, uranium and selenium both occur in multiple 
oxidation states that are subject to inorganic reduction (redox) processes.15 
Because the solubility and mobility of both uranium and selenium are directly 
affected by environmental conditions, there is a major concern that sediments containing 
reduced forms of these toxins may mobilize in water posing a threat to the environment. 
If these sediments oxygenate, reduced forms of uranium and selenium would rapidly 
5 
oxidize to uranium (VI) and selenium (VI) and resolubilize allowing for migration into 
aquifers, plant tissues, and ultimately the food chain. ’ ’ 
Spéciation studies, conducted at Femald Environmental Management Project 
(FEMP) and Savannah River Site (SRS), showed that greater than 85% of the aqueous 
uranium existed in the hexavalent oxidation state, U(VI). The highly soluble U (VI), 
found as U02+2, is the most oxidized form of uranium and is predominant in species 
below pH 2.16,17 At pH levels above 6.5, if carbonate is present the uranyl ion undergoes 




4'.16 The solubility of uranium 
is also affected by redox. Under oxic conditions, where redox is positive, reduced 
uranium (IV) is oxidized to uranium (VI) and becomes soluble. While in anoxic 
conditions, where oxygen levels are low and redox is negative, the less soluble uranium 
(IV) is not oxidized and is not solubilized. 
Selenate, Se(VI), is the dominant species in the drainage waters at the Kesterson 
Reservoir in the San Joaquin Valley. This is the most soluble and most oxidized species 
of selenium.18 At high redox potential, in oxygen-saturated basic waters, it is the 
prevalent species. Under anoxic, strongly reducing and neutral pH conditions, selenide 
(Se-II) is predominant. Selenide is highly insoluble in solution and therefore it usually 
forms insoluble metal selenides, with cations present in the water. 15,19 However, at 
ambient conditions, selenide can resolubilize as other soluble oxidized form of selenium, 




The main objective of this study was to investigate the potential of microbial mats to 
uptake and immobilize complex carbonated uranium and selenate and determine the 
optimum conditions for these chemical events. 
CHAPTER 2 
SURVEY OF RELEVANT LITERATURE 
2.1 Uranium Environmental Chemistry 
The solubility and mobility of uranium is greatly influenced by its oxidation 
state.16 Uranium has 3 oxidation states; U(VI), U(V), and U(IV). U(VI) is the most 
stable oxidation state. U(VI) always exists as the cationic polyatomic ion, U022+.17 
Compounds containing the ion are highly soluble. Whereas U(IV),which is found as U+4, 
is insoluble in aqueous systems and but can be converted to the soluble U(VI) in the 
presence of oxidants such as air, oxygen, or peroxide. The U(V) oxidation state is 
unstable and readily disproportionates to U(IV) and U(VI).17 
The uranium species found in water solutions are dependent on the concentration 
and pH of the solution.20 Studies done by Palei found that at pH levels below 5.90, dilute 
solutions with uranium concentrations of 0.001M or higher contained UCh+2 as the 
primary species (refer to Table 1). In solutions with pH above 5.90 and uranium 
concentrations less than 0.001M, the uranyl ion undergoes complexation and mainly 
exists as the uranyl hydroxide precipitate.1819 
7 
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Table l.19 pH at the Beginning of Uranyl Hydroxide Precipitation as a Function of the 
U02




0.1 0.01 0.001 0.0001 0.00003 0.00001 




4.47 5.27 5.90 6.62 6.80 7.22 
Uranium has a strong tendency to form complexes. Many complex compounds of 
U(IV) and U(VI) are known.20,21 U(VI) can form both complexes with both neutral and 
anionic ligands. Uranium generally prefers to form complexes with bidentate oxygen- 
containing ligands and forms numerous complexes with carbonate.20,21 
The uranyl ion, U02
+2, complexes with carbonate ions (C03
2') to form U(VI)- 
carbonate complexes. These negatively charged complexes can be found primarily in 
oxic waters where there are high levels of carbonate.17 Adsorption of uranium is strongly 
affected when the uranyl ion forms complexes with carbonate. Duff and Amrhein17 
found that complexation of U(VI) by dissolved C03
2' resulted in decreased sorption to 
natural surfaces. In waters with alkalinities greater that 2 mmolcL'1 HCO-T1 and saturated 
with calcite (CaCO3), U(VI) adsorption was low.20,21 The decrease in adsorption was 
attributed to the domination of the U(VI)-mono, di, and tri-carbonate species in 
solution.17 
At low redox potential, U(VI) may be chemically or microbially reduced to 
U(IV), and precipitate as uraninite.22,23 Abdelous, et al., investigated the possibility of 
U(VI) reduction by Fe° in solutions with pH ranges between 2-9. In all solutions uranium 
reduction was complete and the reduced uranium precipitated out as poorly crystallized 
9 
hydrated uraninite, U02*nH20.
23 Similar results were reported for the microbial 
reduction of uranium.24'26 If specific Eh and pH conditions are met, sulfur reducing and 
dissimilatory iron reducing bacteria can enzymatically reduce uranium from uranium (VI) 
to uranium (IV), and U(IV) precipitates as uraninite, adhering to the bacteria.24,26 
12 Selenium Environmental Chemistry 
Selenium can be found in four different oxidation states: selenate [Se(VI); 
Se042], selenite [Se(IV); SeCh2], elemental selenium [Se(0)], and selenide [Se(-II); 
Se ]. At oxidation VI and IV, selenium occurs in the natural environment. In the 
elemental state, selenium may exist as a crystalline and an amorphous polymorph. 
Finally, selenide can be present as an aqueous species, as metal selenide, or as gaseous 
hydrogen selenide.13 
Selenium spéciation, mobility, and sorption in solutions is strongly influenced by 
the electrochemical potential of the solution. Selenate, [Se(VI)], is the predominant 
species in highly oxic waters (>400 mV). Under these conditions selenate is highly 
soluble and the most mobile form of Se because selenate is not significantly retarded by 
sorption.15 Although Se (IV) is also quite soluble, this species occurs only in moderately 
oxidizing waters (400-0 mV). Unlike selenate and selenite, Se (0) and Se (-II) are highly 
insoluble and may only be found in anoxic waters (<0 mV). 15 The predominance area 
diagram of Figure 1 illustrates the relationship between pH and Eh. 
pH 
Figure l.1 An Eh-pH diagram for the Se-H20 system. 
There is a diverse group of microorganisms capable of reducing selenium. 
Microbial reduction of oxidized forms of selenium has been known for some time.28 
Selenium oxyanions undergo a number of microbial transformations that include 
bioreduction to elemental selenium (Se°) and méthylation, which yields volatile 
methylated species such as dimethyl selenide.18 The anaerobic bacterial conversion of 
seleno-oxyanions to Se° in anoxic sediments has been demonstrated by Oremland, et al.29 
Similarly, Mach and Rech reported selenium reduction by two anaerobic bacteria: one 
reduced SeC>32' to Se° and another reduced SeC>42' to SeC>32'. In addition, Macy also 
isolated the selenate-respiring bacterium, Thauera selenatis from a seleniferous soil. 
This bacteria reduced Se04
2' to SeC>32' via selenate reductase and Se032" to Se° via nitrite 
Il 
reductase.27,30 Frankerberger also reported reduction of selenate to selenite by 
18 31 Enterobacter cloacae and selenium méthylation by Alternaria alternata. ’ 
2.3 Microbial Mats 
Microbial mats, used in this study, can be mainly found in marine and freshwater 
environments. Mats consists of complex layers of microbial communities, as illustrated 
•7 -y 
in Figure 2. These layers may vary in thickness from a few millimeters to almost one 
meter. Cyanobacteria such as Oscillitoria dominate the topmost layer of microbial 
mats. This layer is the photosynthetic zone, where anaerobic reducing conditions are 
found.32 Lower layers contain purple autotrophic bacteria such as Rhodospuedomonas 
and a consortium of mixed anaerobes dominated by sulfur-reducing bacteria. Because of 
their complex nature, microbial mats exhibit a number of characteristics that are ideal for 
application in bioremediation. 
1 ) Mats are a self-sustaining system. Because they are photosynthetic and 
nitrogen fixing they do not require an outside supply of nutrients.14 22 
2) Microbial mats contain an efficient microbial community for metal 
sequestering. Both Rhodospuedomonas sp. and sulfur-reducing bacteria 
produce the extracellular enzyme, reductases, which has the function of 
reducing a broad spectrum of heavy metals.34 
3) Because mats contain a microbial community, rather than a single species, 
there is a diversity and a high population of each microbial species. The large 
population of microbes can be easily maintained by immobilizing the 
microbes on a silicon dioxide surface and providing nutritional supplements 
(silage and nutritional beads).34 
12 
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Figure 2.1 Schematic diagram of microbial mat 
2.3.1 Cyanobacteria 
Cyanobacteria are the largest and most diverse group of photosynthetic bacteria.32 
They can survive under extreme environmental conditions and are found both in aquatic 
and terrestrial environments.32 Cyanobacteria are true prokaryotes, but resemble 
eukaryotes because they contain chlorophyll a.32,35 Cyanobacteria differ from most 
photosynthetic bacteria in their ability to carry out both oxygenic and anoxygenic 
photosynthesis.32,34 In light, cyanobacteria carry out oxygenic photosynthesis with two 
photosystems in series, photosystem I and II, as seen in Figure 3.32,34 Water is the 
electron donor and oxygen is the ultimate oxidation product.35 
C02 + H20 -» (CH20) + o2 
Under anaerobic conditions in sulfide-rich environments, certain cyanobacteria undergo 
anoxygenic photosynthesis utilizing photosystem I only.34,35 The sulfide provides the low 
13 
redox potential required for growth under anaerobic conditions. Sulfide serves as pi 
j JJ 
electron donor and is oxidized to elemental sulfur. 





Figure 3.35 Photosynthetic Process in Cyanobacteria 
2.3.2 Rhodospuedomonas 
The species of Rhodospuedomonas are a purple non-sulfur bacteria. They are 
present in all kinds of stagnant water bodies in lakes, waste ponds, coastal lagoons, and 
paddy fields.36 Rhodospuedomonas cany out anoxygenic photosynthesis using only 
photosystem I (refer to Figure 4).35,36 They require electron donors of redox potentials 
lower than that of water, such as: reduced sulfur compounds as H2S, simple organic 
compounds such as maleic and citric acid, and molecular hydrogen.35 The oxidants are 
organic compounds and carbon dioxide.35 Some species of purple non-sulfur bacteria, 
such as Rhodospuedomonas, may grow aerobically in light without producing oxygen. 
Other species grow in a anaerobic, reduced environment where a suitable electron donor 
can be found.35 Because Rhodospuedomonas are able to produce broad spectrum 








Figure 4. The photosynthetic electron transport system carried out in photosystem I in 
Rhodospuedomonas. 
2.3.3 Sulfur Reducing Bacteria 
Sulfur reducing bacteria (SRB) may be found in habitats were there are significant 
amounts of sulfide; muds and sediments of pollutants, lakes and streams, sewage, lagoons 
and digesters, and water logged soils.35 SRB are strictly anaerobic in nature. They use 
elemental sulfur or sulfate and other oxidized sulfur compounds as electron acceptors 
during anaerobic respiration. The sulfur and sulfate are reduced to hydrogen sulfide with 
the generation of ATP.35 A rich source of H2, produced by the Rhodospuedomonas, 
supports the sulfur reducing group. 
15 
SO4'2 + 4 H2 + 1 1/2 H+ -> 1/2 H2S + 1/2 HS' + 4 H20 
Like Rhodospuedomonas, sulfur reducers have the ability to produce broad spectrum 
reductases. Reduction of Fe(III), Mn(VT), and U(VI) have been reported.34'37,38 
?• 
2.4 Silage 
Silage is formed by an anaerobic, acid fermentation process in which bacteria 
produce lactic, acetic, and butyric acids from sugars (water soluble carbohydrates) 
present in raw material (Figure 5).39 A normal fermentation process lasts about 21 days.39 
Immediately after packing, lactic and acetic bacteria multiply very rapidly using the 
sugars as an energy source. The lactic and acetic acids produced result in a reduction of 
pH.39 During the next few weeks there is considerable microbial activity. The final 
product is lactic acid which supports the microbial mat system, when silage is added to 
growing cells.40 
PHASE 1. Plant malarial Is put (n silo. 
Plant calls continua to respire 
Oxygen is consumed 
Carbon dioxide and'heat are produced 
Temperature of silage increases 
PHASE 2. Acetic acid is produced. 
pH changes from 6.0 to about 42 
PHASE 3. Lactic acid formation 
begins on third day. 
Acetic acid formation declines 
PHASE 4. Lactic acid formation 
continues about 2 more weeks. 
Temperature gradually declines. 
Bacterial action stops as pH lowers 
to about 4.U.. 
PHASE 5. If everything has gone 
properly, silage remains constant. 
It insufficient lactic acid was formed. 
- butyric Kid production begins. Pro¬ 
tein may be broken down and spoil¬ 
age may occur. 
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Figure 5.39 A normal fermentative process 
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There are four major substances in forage crops that are subject to change 
during the ensiling process: 1) water soluble carbohydrates, 2) organic acids and their 
salts, 3) nitrogenous substances including proteins and amino acids, and 4) 
hemicellulose.39 
The principle water-soluble carbohydrates found in forage crops are fructose, 
glucose, sucrose, and fructans.39 Sucrose and ffuctans are rapidly hydrolyzed to their 
component monomers at the time of harvest. Fructose and glucose are the principal 
fermentable substrates in grass crops, with fructose being the most predominant.39 
The fructose and glucose are fermented into lactate by lactic acid bacteria.39 The 
pathways through which the substrates are fermented differ according to the species of 
the lactic acid bacteria. There are two basic types of fermentation: 1) homofermentative 
(in which case sugars are fermented entirely to lactic acid, Figure 6) and 2) 
heterofermentative (where products in addition to lactic acid are formed from sugars, 
principally carbon dioxide, Figure 7 and Figure 8).39 
The heterolactic fermentation process is less efficient in terms of acid production 
than its homolactic counterpart. Moreover, the heterolactic fermentation will be even less 
productive if fructose is more abundant than glucose.39 
17 
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Figure 7.39 The heterolactic fermentation of glucose. 
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Figure 8.39 The heterolactic fermentation of fructose. 
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The hemicellulose acts as a storage for water soluble carbohydrates. As the 
hemicellulose is broken down during the ensiling process it slowly releases water soluble 
carbohydrates. These water soluble carbohydrates are also converted to lactic acid by the 
lactic acid bacteria.40 
Organic acids and their salts can exert considerable influence on the efficiency of 
the ensiling process. Their buffering capacity allows the optimum pH range (pH 4-6) for 
ensiling to be maintained.39 During the ensiling process there is a rapid and complete 
dissimilation of organic acids, particularly citric and malaic acid. The disapperance of 
organic acids during ensilage can also be attributed to fermentation by the lactic acid 
bacteria. The organic acids are fermented to products which include lactate, formate, and 
39 acetate. 
Nitrogenous compounds found in forage crops are a combination of proteins and 
amino acids. Once herbage is cut, proteolysis occurs (Proteolysis is the breakdown of 
proteins into simpler molecules).3 41 Proteolysis continues during ensilage. Its extent 
depends largely on the rapidity with which acid conditions are established. Proteolysis 
prior to and following ensilage can be stemmed by the early and rapid establishment of 
anaerobic and acid conditions.39 Amino acids do not undergo change during ensilage. 
Amino acids are one possible source of energy for the lactic acid bacteria.39 
Microbial mats are cultured on ensiled grass clippings (silage).41 The silage is an 
excellent feed stock for both the autotrophic and heterotrophic bacteia found in the mat 
because it consists of a variety of nutrient sources. The three major nutrient sources 
found in grass clippings are total nitrogen compounds, non-protein nitrogen compounds, 
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and water soluble carbohydrates (sugars).42 75-90% of the nitrogen compounds present 
in silage are total nitrogen compounds that exist as protein.41,42 The remaining 25-10% 
are non-protein nitrogen compounds which include free amino acids, amines of glutamine 
and asparagine, peptides, nucleotides, chlorophyll, and nitrates.41,42 Microbial mats use 
both forms of nitrogen compounds as nutrients. Perhaps the most important nutrient 
source are the water soluble carbohydrates .41,42 The water soluble carbohydrates provide 
the energy source to the lactic acid bacteria in the ensiling process.41,42 The final products 
of lactic and acetic acids can be used for cell growth or directly converted into hydrogen 
via the photosynthetic machinery of Oscillatoria and Rhodospuedomonas. 
2.5 Hydrogen Production 
Bacterial-algal systems are capable of converting light energy to hydrogen and 
oxygen.43 Hydrogen production is important to bioremediation applications because it 
may be used to create a highly reducing environment which is favorable for the reduction 
of heavy metals. Hydrogen assimilation is carried out by three distinct enzymes: the 
uptake hydrogenase, the reversible hydrogenase, and nitrogenase.43 Most organisms 
contain all three enzymes. Because the uptake hydrogenase enzyme only exports a 
limited amount of hydrogen it produces outside the cell, it is of no interest for heavy 
metal remediation. 
The major role of the reversible hydrogenase enzyme is fermentation (an energy 
yielding process by which organic molecules serve as both electron donors and 
acceptors).34 Reversible hydrogenase is not active under normal photosynthetic, aerobic 
conditions because it is very oxygen labile. Consequently, an incubation period of 2-20 
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hours under dark anaerobic conditions is necessary for activation of the reversible 
hydrogenase activity43 In the dark at low light intensities, the enzyme can catalyze 
hydrogen evolution. However, at high light intensities photosynthetic oxygen evolution 
commences and results in inhibition of the hydrogenase enzyme.43 
The last enzyme, nitrogenase, is responsible for nitrogen fixation (the reduction of 
atmospheric gaseous nitrogen to ammonia).34 It consists of two components: a 
molybdeum, iron and sulfur protein and an iron-sulfur containing protein.40 Nitrogenase 
not only reduces molecular nitrogen to ammonia but it also reduces acetylene to ethylene, 
and numerous other triple bonded molecules.40,43 In the absence of nitrogen, the 
nitrogenase enzyme catalyzes the reduction of H+ for hydrogen evolution.40,43 The 
nitrogenase enzyme is quite sensitive to O2 and must be protected from O2 inactivation 
within the cell.43 
2.5.1 Hydrogen Production in Cyanobacteria 
Recent studies have indicated that the Oscillatoria in the mat consortuim may be 
capable of hydrogen production.36 The hydrogen evolution of cyanobacteria may be 
catalyzed by the hydrogenase or nitrogenase enzyme. However, it is believe that most 
hydrogen generation in cyanobacteria is primarily by the nitrogenase enzyme.40 Under 
conditions of both N2 and O2 deprivation, maximal hydrogen production can occur.36,40 In 
the absence of nitrogen, there is limited use of hydrogen for nitrogen fixation, therefore 
the nitrogenase enzyme transports the high energy H from the carbon reductant (sugar or 
similar nutrients) and uses it for hydrogen production. Hydrogen production within 
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and water soluble carbohydrates (sugars).42 Seventy five through ninety percent of the 
nitrogen compounds present in silage are total nitrogen compounds that exist as 
protein.41,42 The remaining 25-10% are non-protein nitrogen compounds which include 
free amino acids, amines of glutamine and asparagine, peptides, nucleotides, chlorophyll, 
and nitrates.41,42 Microbial mats use both forms of nitrogen compounds as nutrients. 
Perhaps the most important nutrient source are the water soluble carbohydrates .41,42 The 
water soluble carbohydrates provide the energy source to the lactic acid bacteria in the 
ensiling process.41,4 The final products of lactic and acetic acids can be used for cell 
growth or directly converted into hydrogen via the photosynthetic machinery of 
Oscillatoria and Rhodospuedomonas. 
2.5 Hydrogen Production 
Bacterial-algal systems are capable of converting light energy to hydrogen and 
oxygen.43 Hydrogen production is important to bioremediation applications because it 
may be used to create a highly reducing environment which is favorable for the reduction 
of heavy metals. Hydrogen assimilation is carried out by three distinct enzymes: the 
uptake hydrogenase, the reversible hydrogenase, and nitrogenase.43 Most organisms 
contain all three enzymes. Because the uptake hydrogenase enzyme only exports a 
limited amount of hydrogen it produces outside the cell, it is of no interest for heavy 
metal remediation. 
The major role of the reversible hydrogenase enzyme is fermentation (an energy 
yielding process by which organic molecules serve as both electron donors and 
acceptors).34 Reversible hydrogenase is not active under normal photosynthetic, aerobic 
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conditions because it is very oxygen labile. Consequently, an incubation period of 2-20 
hours under dark anaerobic conditions is necessary for activation of the reversible 
hydrogenase activity.43 In the dark at low light intensities, the enzyme can catalyze 
hydrogen evolution. However, at high light intensities photosynthetic oxygen evolution 
commences and results in inhibition of the hydrogenase enzyme.43 
The last enzyme, nitrogenase, is responsible for nitrogen fixation (the reduction of 
atmospheric gaseous nitrogen to ammonia).34 It consists of two components: a 
molybdeum, iron and sulfur protein and an iron-sulfur containing protein.40 Nitrogenase 
not only reduces molecular nitrogen to ammonia but it also reduces acetylene to ethylene, 
and numerous other triple bonded molecules.40,43 In the absence of nitrogen, the 
nitrogenase enzyme catalyzes the reduction of H* for hydrogen evolution.40,43 The 
nitrogenase enzyme is quite sensitive to O2 and must be protected from O2 inactivation 
within the cell.43 
2.5.1 Hydrogen Production in Cyanobacteria 
Recent studies have indicated that the Oscillatoria in the mat consortuim may be 
capable of hydrogen production.36 The hydrogen evolution of cyanobacteria may be 
catalyzed by the hydrogenase or nitrogenase enzyme. However, it is believe that most 
hydrogen generation in cyanobacteria is primarily by the nitrogenase enzyme.40 Under 
conditions of both N2 and O2 deprivation, maximal hydrogen production can occur.
36,40 In 
the absence of nitrogen, there is limited use of hydrogen for nitrogen fixation; therefore, 
the nitrogenase enzyme transports the high energy H from the carbon reductant (sugar or 
similar nutrients) and uses it for hydrogen production. Hydrogen production within 
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cyanobacteria is a reversible reaction. Therefore, if nitrogen is introduced in the 
system hydrogen will be reabsorbed in the cell.36 
Hydrogen evolution by the nitrogenase enzyme has the disadvantage of being a 
highly energy consumptive process. At least two electrons and sixteen ATPs are 
necessary for the production of one molecule of hydrogen44 
2.5.2 Hydrogen Production by Rhodospuedomonas 
Purple non-sulfur photosynthethic bacteria, such as Rhodospuedomonas, carry out 
hydrogen evolution primarily through a nitrogense catalyzed reaction 43 The reaction is 
light dependent; therefore, it is an anaerobic process that is strictly dependent on 
environmental conditions. As in cyanobacteria, the nitrogenase enzyme is inhibited by 
N2.
43 However, because Rhodopsuedomonas carry out anoxygenic photosynthesis there 
is no inhibition of the nitrogenase enzyme by oxygen.45 
Hydrogen production by photosynthetic bacteria has several advantages. 
1. Photosynthetic bacteria produces H2 at much higher rates than 
cyanobacteria because they utilize high energy material, rather than 
water which is relatively low in energy.46’47 
2. Molecular hydrogen is produced by an irreversible, anoxygenic 
reaction. There is no 02 evolving and the reaction proceeds even under 
an atmosphere of 100% hydrogen gas.46’47 
3. Carbon dioxide is the only gaseous contaminant; therefore, pure H2 
would be available as an exported product.46 
4. The possibility of utilizing organic wastes as electron donors, 
because there is no nitrogen present.46 
CHAPTER 3 
MATERIALS AND METHODS 
3.1 Approach 
In this study experiments were conducted with three types of bacterial cultures: 
whole microbial mat, predominately cyanobacteria, and two groups isolated from the mat 
consortium, Rhodospuedomonas sp. and sulfur reducing bacteria. The main objectives of 
the experiments were to 
1 ) determine the best bacterial culture or bacterial culture combination for uptake 
of the metal anions from solution (complexed carbonated uranium and 
selenate) 
2) determine optimal conditions for the uptake of the metal anions from 
solution: a) static or mixing and b) anaerobic or aerobic (regulated by 
light/dark) 
3) determine the best bacterial culture or bacterial culture combination for 
production of reducing gas, hydrogen 
4) determine conditions for maximum hydrogen production (pH, redox, 
feedstock) 
5) determine the mechanisms of hydrogen production (stimulating the mats with 
selenium, inhibiting photosystem II with DCMU [3-(3,4 dichlorophenyl)-l,l 
dimethylurea], eliminating nitrogenase activity with ammonia 
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3.2 Materials and Equipment 
Uranyl nitrate hexahydrate (99%) and sodium selenate salt (98%) were obtained 
from Sigma Chemical Company (St. Louis, MO). Equipment and apparatus used includes 
Perkin Elmer Elan 5000 Inductively Couple Argon Plasma/Mass Spectrometer (ICP/MS), 
Trace Analytical RGA3 Gas Analyzer, Orion 230A and Orion 420A pH/redox meter and 
electrode, centrifuge (IEC-HN-S11), analytical balance with +/-0.0001 g capability, 
Wheaton 125 mL serum bottles, Falcon serological 10 mL pipets, Falcon 50 and 15 mL 
polyproplylene conical tubes, and assorted laboratory equipment and supplies. 
3.3 Preparation of Uranium Solution 
Uranyl nitrate salt (4.22 g) was placed in a two liter volumetric flask and distilled 
water was added to make a 2000 mg/L U stock solution. Complexed carbonate U(VI) 
solutions were then made from the stock solution by making a 2 mg/L uranium solution 
containing 0.05 M NaHCCh. The pH of the solution was brought to neutral with NaOH. 
3.4 Preparation of Selenium Solution 
Sodium selenate salt (4.379 g) was placed in a one liter volumetric flask and 
distilled water was added to make a 2000 mg/L Se stock solution. 
3.5 Preparation of Bacterial Cultures and Silica Cell Particles 
Natural microbial mats used in the study were collected from a freshwater 
environment in Tampa, Florida. The microbial mats were grown in Allen and Amon (AA) 
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medium and ensiled grass clippings (7 g/L wet weight). The AA medium contained, per 
liter of deionized water: CioHn^OsFeNa (FeEDTA), 0.3 g; NaHC03 (ACS reagent, 
100.3%), 0.84 g; NaCl (99.5%), 0.234 g; MgS047H20 (ACS reagent, 100.6%), 0.246 g; 
CaCl2 2H20 (99.0%), 0.07 g; K2HP04 (anhydrous, 99.0%), 0.348 g; KH2P04 (Anhydrous, 
99.0%), 0.041 g, and 2.5 ml trace element solution containing, per liter: H3B04 (99%), 2.86 
g; MnCl24H20 (crystal,98.3%, Fisher Chemical Company, Fair Lawn, NJ), 1.181 g; 
Na2Mo045H20 (99.7%), 0.39 g; CuS045H20, (99.0%) 0.08 g; Co(N03)26H20 (ACS 
reagent, 101.2%), 0.05 g. Unless otherwise stated, all chemicals were obtained from 
Sigma Chemical Company (St. Louis, MO).36 
Three of the microbial groups that constituted these mats were cyanobacteria 
{Oscillatoria sp.), purple non-sulfur photosynthetic bacteria (Rhodospuedomonas) and 
sulfur-reducing bacteria (no specific identifications of this group was made). The three 
groups were subsequently isolated from the mat. Cultures dominated by Oscillatoria sp. 
were prepared by incubating the mat blend in light and under aerated conditions. 
Rhodospuedomonas was isolated by selecting red colonies from nutrient agar plates, 
containing mat, that had been incubated in anaerobic jars in the light. The sulfur-reducing 
bacteria were separated, by enrichment of the microbial mat in a specific growth medium 
[0.42 g/L sodium acetate (crystal, 99.8%, Fisher Scientific Company, Fair Lawn, NJ), 2.1 
pM lactic acid (1.0 N, LabChem Inc., Pittsburgh, PA), 3 g/L beef extract (Difco 
Laboratories, Detroit, MI) and 5 g/L peptone (Difco Laboratories, Detroit, MI), 1.5 g/L 
MgS04 (100.6%, Sigma Chemical Company, St. Louis, MO), and 1.5 g/L Na2S04 
(anyhrous, 99.4%, Fisher Scientific Company, Fair Lawn, NJ)]. Rhodospuedomonas and 
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sulfur-reducing bacteria were then sedimented with a commercial flocculating solution 
(Accu-Clear, Aquarium Pharmaceuticals, Inc., Chalford, PA).34 
All three bacterial groups were immobilized in silica for use in this research in 
order to quantify the amount of biological material used and to expose more of the reactive 
cell surfaces for metal interactions. The bacterial SCP (silica cell particles) were 
separately prepared by adding 0.25 L of microbial slurry (prepared by blending with a 
Hamilton Beach blender, setting #6, for 5 seconds) per liter of AA medium with 7% 
sodium silicate (D grade, PQ Corporation, Valley Forge, PA). Hydrochloric acid 
(concentrated technical grade), approximately 30 mL, was used to slowly bring down the 
highly basic pH of the 7% silica solution. Between pH 8-9.5 the silica solution gelled. 
The solution was then adjusted to meet the nutritional requirements of each individual 
microbial group to enhance growth. For Oscillatoria sp. (additions g/L): sodium acetate 
(crystal, 99.8%, Fisher Scientific Company, Fair Lawn, NJ), 0.3; lactic acid (1.0 N, 
LabChem Inc., Pittsburgh, PA), 0.4; bacterial nutrient powder (Difco Laboratories, Detroit, 
MI), 0.8. For Rhodospuedomonas and sulfur reducers (additions g/L): sodium acetate 
(crystal, 99.8%, Fisher Scientific Company, Fair Lawn, NJ), 4.2; lactic acid 
(1.0 N, LabChem Inc., Pittsburgh, PA), 5.5; bacterial nutrient powder (Difco Laboratories, 
Detroit, MI), 8.34 
3.6 Preparation of Silage 
Silage was prepared by tightly packing lawn clippings into wide-mouth glass liter 
bottles. Non-irrigated and wastewater irrigated grass were obtained from Clayton County 
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Water Authority. The clippings were allowed to ferment for 15 days and mature silage 
was then added to the silica cell particles at 7 g/L. 
3.6.1 Silage Analysis48 
Silage analysis was done by A & L Analytical Laboratory located in Memphis, 
Tennessee. The silage was analyzed for total carbon, nitrogen, phosphorus, potassium, and 
sulfur content. 
3.6.2 Determination of Dry Matter Content of Silage 
Dry matter content was determined for both non-irrigated and wastewater irrigated 
grass. A 0.1 m2 square area of each grass type was cut and oven dried (37 °C) for a 24- 
hour period. After the drying period, dry weight for both irrigated and non-irrigated grass 
was then measured. 
3.7 Mass Balance Determination 
Previous work has shown microbial SCP are able to remove and reduce non- 
complexed uranium.34’49 In order to compare removal rates of non-complexed uranium 
and complexed carbonated uranium by microbial SCP, it was necessary to obtain a base 
line of the optimal rate of removal for non-complexed uranium. This phase of the research 
included a mass balance experiment. 
Fifty mL of microbial SCP were placed in 250 mL bottles and a 2 mg/L uranium or 
selenium solution was added and semi-dark conditions were imposed. Samples were taken 
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at the 24-hour time period. The remaining solution was filtered with Whatman filter 
paper to separate the solution and the microbial SCP. 
The microbial SCP were hydrolyzed by nitric/hydroflouric acid digestion 
methods.50 The microbial SCP were transferred to a 100 mL beaker. A 1:1 combination of 
5 mL of concentrated nitric acid and 5 mL of distilled water were added to the microbial 
SCP. The mixture was slowly heated at a temperature of 95 °C on a hotplate (no boiling) 
for 10 minutes. The solution was then allowed to cool to room temperature. Once the 
beaker was cool, an additional 5 mL of concentrated nitric acid and 5 mL of distilled water 
were added. The solution was then reheated for 30 minutes, without boiling, until the 
volume evaporated to 5 mL. The beaker was then removed from the hotplate and 5 mL of 
concentrated hydrochloric acid and 10 mL of distilled water were carefully added. The 
beaker was then returned to the hotplate and allowed to reflux for an additional fifteen 
minutes, avoiding boiling. 
After cooling, the remaining mixture was then filtered using Whatman filter paper. 
The volume of the filtered solution was increased to 100 mL using a volumetric flask and 
distilled water. Samples were then collected in 50 mL polypropylene conical tubes and 
prepared for ICP/MS analysis as described in section 3.8.1. 
3.8 Instrumentation 
3.8.1 ICP/MS Analysis 
Samples were collected in 50 mL polypropylene conical tubes and acidified with 
1 % HNO3 to maintain the uranium and selenium in solution for ICP-MS analysis. The 
samples were then centrifuged at 2500 rpm for 10 minutes. The supernatant was then 
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transferred to a clean 15 mL polypropylene conical tube and diluted to the pg/L range 
using ultra pure deionized water. Samples were analyzed using a Perkin Elmer Elan 5000 
Inductively Coupled Argon Plasma/Mass Spectometer. 
3.8.2 GC Analysis 
Samples were collected in 250 mL serum bottles. Microbial SCP were added at a 
volume of either 50 or 100 mL. Serum bottles were then filled with an AA medium water 
column leaving a 2 cm headspace. Serum bottles were flushed with argon 24 hours prior 
to sampling time. After 24 hours, bottles were shaken vigorously for 10 seconds and 3 mL 
of argon was injected in the serum bottles for pressurization purposes. A one mL sample 
was then taken from the headspace and then analyzed using a Trace Analytical RGA3 
Reduction Gas Analyzer with a detection limit of ±10 ppb. (EPA Region IV Laboratory) 
3.8.3 Electron Microscopic Analysis 
32 Microscopic studies followed conventional methods of slide preparation and 
Gram staining. For thin-section electron micrographs, cells were fixed in 3% 
glutaraldehyde and placed in osmium tetroxide followed by several dehydration steps. 
Embedding was done by adding Epon (Electron Microscopy Sciences, Ft. Washington, 
PA) and associated catalyst for twenty minutes. Electron micrographs were obtained using 
a Hitachi H-6000 Transmission Electron Microscope set at 0.3 nm point to point 
resolution, at 100,000 times magnification.36 
31 
3.8.4 Surface A rea Analysis 
A preweighed sample ranging between 0.1-0.2 grams was dried and then pretreated 
for 2 hours with nitrogen at 200°C. The surface area, pore volume, and pore size was then 
determined by the Micrometries surface area analyzer using the BET method (Brunauer, 
Emmet,Teller). 
3.8.5 Qubit Systems' Nitrogen Fixation Laboratory Package (Hydrogen Analysis) 
Samples were collected in 250 mL flasks. Microbial SCP were added at a volume 
of 50 mL and flasks were filled with an AA medium water column leaving a 2 cm 
headspace. A two-hole rubber stopper was inserted into the flask two allow for gas 
exchange within the Qubit system. Flasks were placed under dark incubation for 24 hours. 
After the incubation period, flasks were measured for hydrogen production using the Qubit 
Systems’ nitrogen fixation package (Qubit Systems', Ontario, Canada), see Figure 9. 
32 
A = Laboratory Stand with Velcro-Lined Mounting Bracket 
B = Hydrogen Sensor Inlet 
C = Oxygen Sensor Amplifier 
D = Oxygen Sensor 
E = Desiccant Column 
F = Air Rimp 
G = Gas Inlet on Pump 
H = Row Restrictor (optional) 
I = Row Meter 
J = Clamp to Mount Stand to Bench 
K = Serial Box Interface 
L = Macintosh or PC Computer (not supplied) 
Figure 9. Assembly of the Qubit Systems’ nitrogen fixation laboratory package.51 
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3.8.6 Redox Potential Analysis 
Redox measurements were made concurrent to sample collection intervals with an 
Orion combined platinum redox and a silver/silver chloride reference electrode (Orion 
Research Inc., Beverly, MA). Values were then standardized in relation to the hydrogen 
couple. 
3.9 Metal Remediation Experiments 
Preliminary studies were done to determine ideal conditions and biological material 
for metal treatments. These experiments were designed to determine the following factors: 
1) most effective combination of microbial constituents within the mats 
{Oscillatoria, Rhodospuedomonas, and Sulfur-Reducing Bacteria), 
2) static vs. mixing, and 
3) redox conditions. 
3.9.1 Determination of Optimal Microbial Combination 
Fifty mL of microbial SCP were placed in 250 mL bottles and a 2 mg/L uranium 
or selenium solution added. Bottles were placed under varying mixing conditions (static, 
15 minutes of mixing, 1 hour of mixing, continuous mixing). Six different microbial 
combinations were tested: 
1 ) Whole microbial mat, predominately cyanobacteria only, 
2) Rhodospuedomonas only, 
3) Sulfur-reducing bacteria only, 
4) 1:1 of Rhodospuedomonas and whole microbial mat dominated by 
cyanobacteria, 
5) 1:1 of Rhodospuedomonas and sulfur-reducing bacteria, 
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6) WS7 only (control). 
Samples were collected in 50 mL polypropylene conical tubes and prepared for ICP/MS 
analysis as stated previously in section 3.8.1. 
3.9.2 Static Pond Reservoir 
Pond reservoirs were designed to determine the ability of microbial SCP to 
remove a uranium carbonate complex solution at high volume and concentration. Pond 
reservoirs were designed using 1 L of microbial SCP in a 2 L volume of a 2 mg/L of a 
uranium carbonate complex solution. Two different microbial combinations were used: 
1 ) 2:1 of Rhosopuedomanas and sulfur-reducing bacteria 
2) 1:1:1 of cyanobacteria, Rhodospuedomonas, and sulfur-reducing bacteria 
Both pond reservoirs were placed under static conditions with good light. Samples were 
taken periodically over the course of 200 days. Samples were collected in 50 mL 
polypropylene conical tubes and analyzed by ICP/MS methods described in section 3.8.1 
3.10 Hydrogen Production Experiments 
These studies were done to determine ideal environmental conditions for the 
generation of molecular hydrogen. Overall, hydrogen production was assessed as a 
function of type bacterial strains used (Oscillatoria and Rhodospuedomonas), 
photosynthetic conditions, carbon feed stock, and pH. 
3.10.1 Optimal Bacterial Strain Combination 
35 
One hundred milliliters of microbial SCP were placed in 250 mL serum bottles. 
Bottles were then filled with 100 mL of AA containing molybdeum (20 mM/L) additions 
to eliminate growth of sulfur-reducing bacteria. Samples were placed under total light 
conditions after a 24-hour dark incubation period to eliminate residual oxygen. Samples 
were analyzed periodically for hydrogen production using methods described in section 
3.8.2. Redox and pH measurements were also taken at each sampling time. 
3.10.2 Optimal Photosynthetic Conditions 
One hundred milliliters of microbial SCP were placed in 125 mL serum bottles. 
Serum bottles were then filled with an AA medium water column leaving a 2 cm 
headspace. Bottles were placed under incubation for 24 hours and then placed under 3 
different light conditions: total light (greenhouse), total dark, and semi-dark (regulated by a 
50% shade-cloth). Samples were analyzed for hydrogen production once a week by GC 
using methods described in section 3.8.2. Redox measurements were taken at sampling 
times. 
3.10.3 Optimal Nutrient Media 
3.10.3.1 Rejuvenation of Hydrogen Production 
Fifty milliliters of microbial SCP were placed in 250 mL serum bottleas and 100 
mL of AA media was added leaving a 100 mL headspace. Samples in duplicates were 
monitored weekly for hydrogen production. 
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Silage was added to the mineral AA medium and allowed to soak for one hour. 
Silage was then filtered from the media and silage wash media additions were added to one 
test bottle whose hydrogen production rates had declined. Fifty milliliters of the original 
AA media was extracted and replaced with fifty milliliters of the new silage wash media. 
The second test bottle served had no silage media additions and served as the control. Test 
bottles were routinely analyzed for hydrogen production (method described in section 
3.8.2). 
3.10.3.2 Sources of Hydrogen Production 
Fifty milliliters of microbial SCP were placed in 250 mL serum bottles and 
100 mL of media was added leaving a headspace of 100 mL. Four different media 
combinations were used: 
1) 100 mL non-sterile silage wash (containing 20 g/L Microstegium grass silage 
and adapted AA with molybdeum additions, 
2) 100 mL of tap water, 
3) 100 mL sterilized silage wash (containing 20 g/L Microstegium grass silage and 
adapted AA with molybdeum additions, and 
4) 100 mL non-sterile silage wash (containing 20 g/L Microstegium grass silage 
and adapted AA with molybdeum additions) with no microbial SCP added. 
Silage was made by adding silage to the mineral AA medium and soaking for one hour. 
Silage was then filtered from the medium. To sterilize silage wash media, the silage wash 
was autoclaved for fifteen minutes. All combinations were done in duplicate. Samples 
were placed under a 48-hour total dark incubation and then placed under total light 
conditions. Samples were analyzed periodically for hydrogen production using techniques 
in section 3.8.2. 
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3.10.4 Selenium Stimulated Hydrogen Production 
One hundred milliliters of microbial SCP were placed in 250 mL serum bottles 
and 100 mL of silage wash (containing 20 g/L Microstegium grass silage and adapted AA 
with molybdeum additions) was added leaving a 50 mL headspace. Selenium was added to 
make a final concentration of 20 mg/L. Bottles, which had no selenium additions, served 
as the control. Bottles were placed in total light conditions after a 24-hour incubation and 
hydrogen analysis was performed as stated in section 3.8.2. 
3.10.5 DCMU Experiment 
Fifty milliliters of microbial SCP were placed in 250 mL serum bottles and 100 mL 
of silage wash (containing 20 g/L Microstegium grass silage and adapted AA with 
molybdeum additions) was added leaving a 100 mL headspace. Samples in duplicates 
were monitored weekly for hydrogen production. After 60 days, 50 pmols of DCMU [3- 
(3,4 dichlorophenyl)-l,l-dimethylurea] was added to one bottle and the other was used as a 
control. Hydrogen production was determined by methods stated in section 3.8.2. 
3.10.5.1 DCMU and Photosynthetic Conditions 
One hundred milliliters of microbial SCP were placed in 125 mL flasks. Flasks 
were then filled with an AA medium water column leaving a 2 cm headspace. Fifty 
micromoles of DCMU was added and the flasks were then placed under incubation for 24 
hours. After the incubation period the flasks were placed under 2 different light conditions 
in the greenhouse, direct sunlight and total dark conditions. Samples were analyzed for 
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hydrogen production using the Qubit Systems’ Nitrogen Fixation Laboratory package as 
described in section 3.8.5. 
3.10.6 Inhibition of the Nitrogenase Enzyme 
Fifty milliliters of microbial SCP were placed in 250 mL serum bottles and 
100 mL of silage wash (containing 20 g/L Microstegium grass silage and adapted AA with 
molybdeum additions) was added leaving a 100 mL headspace. Samples in duplicate were 
monitored weekly for hydrogen production. After 60 days, 1.5 mL of ammonium nitrate 
was added to one of the duplicates and the other bottle served as the control. Hydrogen 
production was routinely measured by methods described in section 3.8.2. 
CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Rationale 
Past research has focused only on uranium (VI) in the non-complexed cationic 
form. However, in many contamination sites uranium exists primarily as anionic or 
neutral carbonate complexes. The complexation of U(VI) by CO32’ results in decreased 
sorption to negatively charged natural surfaces. Therefore, complexed uranium is harder 
to remove from solution. Because of these factors, the focus of this research was on the 
removal of carbonated complex uranium. Since the mechanisms of uranium removal 
may be similar, but not identical, to that of group 6A metalloid oxyanions (which are also 
problematic contaminants), this study also investigated the removal of selenate by 
possible reduction to elemental selenium. 
Because oxyanions exist primarily as the most oxidized forms, they are the most 
difficult to remove from solution. As a result, the removal of these species from solution 
require optimum reducing conditions. This study explored the use of the microbial mat 
consortium to create a highly reducing, chemical environment favorable for the reduction 
and/or precipitation of the metallic ions as salts or elemental solids via hydrogen 
production and reductase enzymes. 
The sequence of research activities, described in Table 2, was as follows: 1) 
defining some basic properties of the mat/silica properties (surface area and surface 
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charge), 2) determining metal removal rates, 3) determining optimum conditions for 
hydrogen production, and 4) determining removal mechanisms. 







Metal Removal Rate 
Experiments 






























Mat * ✓ V ✓ ✓ ✓ 
Rhodo * 
Sulfur-reducers 








4.2 Surface Area Analysis 
Surface area analysis was done on both microbial silica cell/particles and 
clean silica cell/particles (WS7). Surface area, pore volume, and pore size were 
determined for both samples. Results are listed in Table 3. There was no notable 
difference between the surface properties of the microbial silica cell particles and the 
control. 
Table 3. Surface Area Analysis for Silica Cell Particles 






Microbial Mat 73.00 ± 1% 0.05 ± 1% 10.8 
WS7(control) 129.33 ± 1% 0.09 ± 1% 9.0 
*Three trials were used per item. 
The isoelectric point (point of zero charge) has previously been determined by 
electrophoretic mobility (zeta potential) measurements on silica suspensions (WS7) of 
varying pH. The isoelectric point was measured to be between pH 1 and pH 2. Above 
pH 2, the silica particles are negatively charged; and below pH 1 the silica particles 
maintain a positive charge.56 
Zeta potential measurements have also been predetermined for microbial mats. 
The zeta potential analysis of the microbial mats identified a negative mat surface charge 
ranging from -12.3 to -69.2 mV at pH>7.57 
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4.3 Metal Remediation Experiments 
4.3.1 Determination of Optimal Microbial Combination 
Studies were conducted to determine the most effective combination of the three 
microbial groups, for complexed carbonated uranium and selenate removal: 1) whole 
microbial mat (since microbial mat is prepared in full light it is predominately 
cyanobacteria; there, it will be referred to as such in further discussion), 2) 
Rhodospuedomonas, and 3) sulfur-reducing bacteria. The following microbial SCP 
combinations were used: 1) cyanobacteria only, 2) Rhodospuedomonas only, 3) sulfur- 
reducing bacteria only, 4) 1:1 (Rhodospuedomonas, cyanobacteria), 5) 1:1 
(.Rhodospuedomonas, sulfur-reducing bacteria), 6) WS7 only (control). All combinations 
were placed under four different mixing conditions: 1) static conditions, 2) 15 minutes of 
mixing followed by static conditions, 3) 1 hour of mixing followed by static conditions, 
and 4) continuous mixing. Overall, the Rhodospuedomonas only combination had the 
highest metal-removal rates, under continuous mixing conditions, for both the complex 
carbonated uranium and the selenate solutions. Figures 10 and 11 show the results of the 
carbonated uranium and selenate batch studies, respectively. Both figures 10 and 11 are 
representative graphs for removal of complexed uranium and selenate from solution by 
all microbial combinations (initial high removal rate in batch 1 followed by a decrease in 
uptake in batches 2 and 3). Although, all combinations followed the same basic removal 
trend, those combinations that performed best are shown in these figures. (Table 4 and 
Table 5 lists the results for all combinations.) The high removal rates by 
Rhodospuedomonas for both metallic anions may be attributed to its production of broad 
spectrum reductase enzymes. 
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The control, WS7 (silicate immobilization medium), performed similarly in 
both the carbonate uranium and selenate batch studies, refer to Figures 10 and 11. 
Although, there is some removal in batches 1 and 2, WS7 was basically ineffective. This 
suggests that the uranium and selenate uptake in early batches may be due to surface 
sorption, not reduction as WS7 has some limited capacity to bind complex carbonated 
uranium and selenate. This binding capacity may be attributed to hydrogen bonding to 
silanol groups (=Si-OH) found on the silica surface. The metallic anions can possibly 
interact with these silanol groups, resulting in the removal of these species in early 
batches. However, there are few silanol groups found on the silica surface. As a result, 
WS7 removed less of carbonated uranium and selenate in the later batches. 
Figure 10 shows the Rhodospuedomonas suspended on sodium silicate was 
effective in removing the 2.25 mg/L complex carbonated uranium solution only in batch 
1. After initial low concentrations below 0.5 mg/L, levels quickly rose to 1.2 mg/L. 
There was no significant difference between removal rates for Rhodospuedomonas and 
the control(P>0.05). Like the control, the initial uptake by the Rhodospuedomonas may 
be due to the association of the complexed uranium with the silanol groups on the silicate 
surface rather than any enzymatic activity by the bacteria. This suggests that the 
complexed uranium functions as an anion since the cationic LT*6 species is completely 
surrounded by carbonate ions. Thus, giving rise to a net negative charge. As a result, the 
remaining negatively charged sites on the SCP are unable to bind with the negative 
surface charge of the uranium carbonate complex. 
Rhodospuedomonas was more effective in the selenate batch studies as shown in 
Figure 11. Rhodospuedomonas continuously removed selenate (25 mg/L) from solution, 
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with residual selenate levels of 4 mg/L and 5 mg/L, respectively for batches 1 and 2. 
Removal rates decreased after batch 2, indicating the onset of saturation of binding sites. 
However, selenate removal rates were significant for batch 3 when compared to removal 
rates ofWS7 (P = 0.02). 
Some reduction of the selenate may be occurring in addition to the initial surface 
sorption on the silicate surface. During batch 1, the selenate solution became a brick red 
color, which is indicative of elemental selenium. The red color intensified with each 

















Figure 10. Batch Study-Removal of complex carbonated uranium by 
Rhodospuedomonas and WS7 under continuous mixing 
conditions. 
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Figure 11. Batch Study-Removal of selenate by Rhodospuedomonas and WS7 
under continuous mixing conditions. 
Table 4. Selenate Batch Study Results for Microbial Combinations 
Mat Sulfur- Mat:Rhodo Rhodo:SR Rbodo WS7 
Reducers 
Mixing B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3 
conditions mg/L mg/L mg/L mg/L. mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Static 
A 14.2 0 21.5 13.7 22.6 31.2 8.1 10.9 20.5 15.2 16.4 16.9 8.5 12.6 20.1 10.3 14.1 23.0 
B 9.6 8.1 21J2 18.2 24.7 24.0 9.9 13.1 23.0 12.0 16.8 16.7 8.8 10.5 21.9 10.4 13.2 15.4 
15 nun. 
mixing 
A 9.5 8.9 21.8 18.6 23.0 21.8 13.9 17.3 23.2 15.1 14.4 19.6 8.9 7.5 13.9 10.1 12.1 14.7 
B 12.5 11.9 20.7 19.5 25.8 17.2 15.6 19.1 20.5 16.2 15.1 21.4 5.5 10.9 11.8 9.7 12.6 16.1 
1 hour 
mixing 
A 7.3 10.3 23.3 15.9 23.0 22.1 15.4 17.8 19.7 15.9 15.1 18.5 14.2 9.1 16.9 11.3 17.3 24.8 
B 10.6 K.7 16.9 16.1 21.6 24.0 14.1 18.7 23.1 15.6 19.4 22.6 9.4 15.0 18.9“ 11.3 11.7 24.3 
Continuous 
Mixing 
A 11.8 20.5 18.3 15 21.5 20.6 13.5 18.1 20.8 13.0 14.3 22.1 5.3 7.8 13.0 9.1 10.5 15.3 
B 5.8 16.3 20.6 15.5 25.0 21.0 15.6 20.1 21.6 14.5 13.2 14.6 2.7 2.5 10.4 11.3 10.5 36.2 





Table 5. Complex Carbonated Uranium Batch Study Results for Microbial 
Combinations 
Mat Sulfur- Mat:Rhodo Rhodo:SR Rhodo WS7 
Reducers 
Mixing B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3 
conditions mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Static 
A 1.93 1.65 2.42 1.96 2.01 2.07 1.3 1.38 1.6 1.74 1.52 1.96 1.74 1.80 .2.10 0.96 1.26 1.14 
B 0.86 ' •3.81 1.89 1.94 2.00 2.04 1.46 1.58 1.73 1.72 1.56 1.82 2.10 1.22 1.65 0.57 1.04 1.64 
15 min, 
mixing 
A 1.88 2.63 1.08 1.96 1.99 2.06 1.44 1.47 1.65 1.68 1.54 1.88 0.70 1.31 1.26 1.06 1.16 1.53 
B 1.76 3.97 1.03 1.93 1.98 2.05 1.28 1.30 1.60 1.54 1.56 2.04 0.91 1.38 1.43 0 1.11 1.54 
1 hour 
mixing 
A 1.90 2.54 1.13 1.92 1.98 2.06 1.51 1.51 1.79 1.58 1.60 2.02 0.84 1.08 1.22 1.28 1.00 1.41 
B 1.72 2.7 0.92 1.86 1.98 2.08 0.87 1.08 1.48 1.48 1.68 1.98 0.82 0.15 1.13 0.90 1.07 2.11 
Continuous 
Mixing 
A 1.46 3.46 2.51 1.97 1.95 2.06 1.50 1.56 1.67 1.32 1.56 2.02 0.56 0.93 1.29 0.70 0.81 1.64 
B 1.34 3.34 1.5 1.95 1.97 2.05 0.94 1.67 1.78 1.40 1.64 1.82 0.18 0.47 1.12 0.13 0.42 0.63 
♦Original solutions = 2.25 mg/L complex carbonated uranium *B = Batch number 
4^ 
vo 
4.3.2 Static Pond Reservoir 
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A preliminary experiment was also conducted to investigate the ability of 
microbial SCP to remove a high volume of complex carbonated uranium (appropriate for 
field applications). Results are listed in Table 6. A five-liter pan was used to simulate a 
static pond reservoir. Two different microbial combinations were used: Pondl) 2:1 
{Rhodospuedomonas, sulfur-reducing bacteria) and Pond 2) 1:1:1 (cyanobacteria, 
Rhodospuedomonas, sulfur-reducing bacteria). The combination chosen in pond 1 was 
selected because Rhodospudomonas was found to be effective in the batch studies for the 
removal of both carbonated uranium and selenate. The sulfur-reducing bacteria were 
added to increase the concentration of the reductase enzymes. The 1:1:1 (cyanobacteria, 
Rhodospuedomonas, sulfur-reducing bacteria) combination for pond 2 was chosen 
because this mixture of microbes proved to be most effective in the removal of non- 
carbonated uranium (under darkened conditions).36,53 Both ponds were placed under 
continuous light conditions and uranium concentration was monitored for 200 days. 
Initially both ponds showed a decrease in the complex carbonated uranium 
concentration, with levels falling to -1.25 mg/L by day 7. However, after day 7, 
in pond 2 [1:1:1 (cyanobacteria, Rhodospuedomonas, sulfur-reducing bacteria)] uranium 
concentration steadily rose with no recovery of the uranium removal rates seen in the first 
sampling days. By the final sampling day, the uranium concentration of pond 2 was 
nearly equal to the concentration of the carbonated uranium solution initially added to the 
pond (2 mg/L). The 2:1 Rhodopsuedomonas.sulfur-reducing bacteria combination was 
more effective, reducing the complex carbonated uranium solution to a final 
concentration of 0.5 mg/L at the 200-day sampling time. 
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Pond 2 contained cyanobacteria which are photosynthetic in nature. Oxygenic 
conditions imposed by the cyanobacteria may have created an aerobic environment, 
which is nonconducive for carbonated uranium removal. Pond 1 did not contain 
cyanobacteria and had a high concentration of reductase enzymes. These factors may 
explain why Rhodospuedomonas and sulfur-reducing bacteria were more effective in 
carbonated uranium removal. Although the trends are clear in these two ponds, no solid 
conclusions can be made from one trial because on statistical data is able. This remains 
an area for further research. 













1 1.864 1.192 1.782 1.218 0.493 
2 1.724 1.02 1.136 1.510 1.710 
♦Original Solution Concentration = 2.00 mg/L complex carbonated uranium 
4.3.3 Mass Balance Experiments 
Mass balance experiments were conducted on an one-batch experiment (refer 
to section 3.7) to confirm the removal of complex carbonated uranium and selenate from 
solution by microbial SCP. Results are listed below in Table 7 and Table 8. 
Table 7. Uranium Mass Balance Results 
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Microbial Mat 0.57 0.003 0.51 0.51 90% 
WS7 0.57 0.009 0.43 0.52 90% 
Table 8. Selenate Mass Balance Results 













Microbial Mat 3.40 0.58 2.18 2.76 81% 
WS7 3.40 2.53 0.53 3.06 90% 
The uranium mass balance experiment had good recovery rates, with only 10% of 
the initial 0.57 mg of uranium added not recovered. Similar recovery rates were also 
seen for the selenate mass balance experiment, with microbial mat having a slightly lower 
recover rate (81%). The missing 10% of the added solution may be attributed to random 
error associated with instruments used in the mass balance experiment (volumetric flask, 
pipette, ICP/MS) which was calculated below. 
Error - V(0.08)2 + (0.01)2 + (0.01)2 = 0.16 - 16% 
The unrecovered selenate by microbial mat may also be attributed to the 
volatilization of the selenium. It is known that microbial action can change the spéciation 
of Se and can produce volatile methylated derivatives of selenium, such as dimethyl 
diselenide. This has been seen in previous studies.1 
4.3.2 Static Pond Reservoir 
50 
A preliminary experiment was also conducted to investigate the ability of 
microbial SCP to remove a high volume of complex carbonated uranium (appropriate for 
field applications). Results are listed in Table 6. A 5-liter pan was used to simulate a 
static pond reservoir. Two different microbial combinations were used: Pondl) 2:1 
(Rhodospuedomonas, sulfur-reducing bacteria) and Pond 2) 1:1:1 (cyanobacteria, 
Rhodospuedomonas, sulfur-reducing bacteria). The combination chosen in pond 1 was 
selected because Rhodospudomonas was found to be effective in the batch studies for the 
removal of both carbonated uranium and selenate. The sulfur-reducing bacteria were 
added to increase the concentration of the reductase enzymes. The 1:1:1 (cyanobacteria, 
Rhodospuedomonas, sulfur-reducing bacteria) combination for pond 2 was chosen 
because this mixture of microbes proved to be most effective in the removal of non- 
carbonated uranium (under darkened conditions).36,53 Both ponds were placed under 
continuous light conditions and uranium concentration was monitored for 200 days. 
Initially both ponds showed a decrease in the complex carbonated uranium 
concentration, with levels falling to -1.25 mg/L by day 7. However, after day 7, 
in pond 2 [1:1:1 (cyanobacteria, Rhodospuedomonas, sulfur-reducing bacteria)] uranium 
concentration steadily rose with no recovery of the uranium removal rates seen in the first 
sampling days. By the final sampling day, the uranium concentration of pond 2 was 
nearly equal to the concentration of the carbonated uranium solution initially added to the 
pond (2 mg/L). The 2:1 Rhodopsuedomonas.sulfuT-reducing bacteria combination was 
more effective, reducing the complex carbonated uranium solution to a final 
concentration of 0.5 mg/L at the 200-day sampling time. 
51 
Pond 2 contained cyanobacteria, which is photosynthetic in nature. Oxygenic 
conditions imposed by the cyanobacteria may have created an aerobic environment, 
which is nonconducive for carbonated uranium removal. Whereas, pond 1 did not 
contain cyanobacteria and had a high concentration of reductase enzymes. These factors 
may explain why Rhodospuedomonas and sulfur-reducing bacteria were more effective 
in carbonated uranium removal. Although the trends are clear in these two ponds, no 
solid conclusions can be made from one trial because on statistical data is able. This 
remains an area for further research. 













1 1.864 1.192 1.782 1.218 0.493 
2 1.724 1.02 1.136 1.510 1.710 
"■Original Solution Concentration = 2.00 mg/L complex carbonated uranium 
4.3.3 Mass Balance Experiments 
Mass balance experiments were conducted on an one batch experiment (refer 
to section 3.7) to confirm the removal of complex carbonated uranium-and selenate from 
solution by microbial SCP. Results are listed below in Table 7 and Table 8. 
Table 7. Uranium Mass Balance Results 
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Microbial Mat 0.57 0.003 0.51 0.51 90% 
WS7 0.57 0.009 0.43 0.52 90% 
Table 8. Selenate Mass Balance Results 













Microbial Mat 3.40 0.58 2.18 2.76 81% 
WS7 3.40 2.53 0.53 3.06 90% 
The uranium mass balance experiment had good recovery rates, with only 10% of 
the initial 0.57 mg of uranium added not recovered. Similar recovery rates were also 
seen for the selenate mass balance experiment, with microbial mat having a slightly lower 
recover rate (81%). The missing 10% of the added solution may be attribute to random 
error associated with instruments used in the mass balance experiment (volumetric flask, 
pipette, ICP/MS) which was calculated below. 
Error = V( 0.08)2 + (0.01)2 + (0.01)2 = 0.16 = 16% 
The unrecovered selenate by microbial mat may also be attributed to the 
volatilization of the selenium. It is known that microbial action can change the spéciation 
of Se and can produce volatile methylated derivatives of selenium, such as dimethyl 
diselenide. This has been seen in previous studies.1 
4.4 Hydrogen Production Experiments 
4.4.1 Optimal Microbial Bacterial Strains 
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Studies were conducted to determine the most effective combination for 
hydrogen production of the two microbial groups: 1) whole microbial mat (dominated by 
cyanobacteria, but also containing Rhodospuedomonas) and 2) Rhodospuedomonas 
alone. The following microbial SCP combinations were used: 1) whole microbial mat 
only, 2) Rhodospuedomonas only, 3) 1:1 (whole microbial mat only and 
Rhodospuedomonas). Data from this experiment is listed in Table 9. Sulfur-reducing 
bacteria, contained in the whole microbial mat samples were controlled by keeping sulfur 
i/r c'y 
concentrations of the medium low and by adding molybdate to the medium. Figure 
12 shows the comparative results of the different microbial combinations in the 
production of pg hydrogen per liter of cells per hour for days 11,43, and 54. 
Whole microbial mat performed best producing 0.32 pg H2/L cells/h over 54 
days. Hydrogen production by whole mat reached its peak at day 43. Thereafter, 
hydrogen levels declined slightly. The Rhodospeudomonas only and 1:1 microbial mat, 
Rhodospeudomonas combinations were somewhat lower in hydrogen generation, with 
total hydrogen production levels of 0.28 pg H2/L cells/h and 0.25 pg H2/L cells/h 
respectively, after a 54-day period. At day 43, there were significant statistical 
differences in hydrogen production between mat, 0.17 pg H2/L, and Rhodospuedomonas, 
0.15 pg H2/L, (P = 0.05). By day 54, the mat continued to produce the highest amount of 
hydrogen (there was notable differences between mat, 0.13 pg H2/L, and the 1:1 mat, 
54 
Rhodospuedomonas combination, 0.11 pg H2/L, P = 0.04). For this reason, the whole 












Figure 12. Hydrogen production by various types of microbial SCP. 
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A .003 0.177 0.1343 
B .038 0.159 0.125 
Rhodospuedomons 
A 0.04 0.182 0.1183 
B 0.04 0.105 0.1064 
Mat .Rhodo 
A 0.0628 0.125 0.1064 
B 0.0407 0.111 0.101 
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4.4.2 Optimal Photosynthetic Conditions 
In order to examine the effect of photosynthetic conditions, test bottles 
were placed under three different light systems [direct sunlight, partial dark (light 
regulated by using a 50% shade cloth), and total dark]. Figure 13 and Table 10 shows 
results of hydrogen generation under the varying light conditions. 
After 24 hours, bottles placed under direct sunlight conditions showed the greatest 
hydrogen evolution, producing approximately 0.90 pg H2/L cells (cumulative over 24 
hours). Test samples place in partial dark conditions produced 0.51 pg H2/L cells, 
followed by the total dark samples generating a minimal 0.11 pg H2/L. Overall, mats in 
direct sunlight produced best (significant over dark samples, P = 0.01, but not significant 
over partial shade). This indicated that hydrogen is produced predominately by 
photoproduction in this system. If fermentation (a dark process, independent of 
photosynthesis) had been the dominant mechanism, then the dark samples would have 































Figure 13. Hydrogen production under varying photosynthetic conditions. 
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Table 10. Hydrogen Production Data of Microbial Mats Placed Under Varying 



















4.4.3 Optimal Nutrient Addition 
Over a period of time bacterial cells start to deplete their internal source of 
nutrients that support the production of hydrogen. As a result, hydrogen evolution levels 
begin to decline and eventually hydrogen generation stops altogether. The following 
experiments were conducted to determine: 1) the effectiveness of nutrient additions in 
sustaining hydrogen production in starved mat and 2) the contribution of internal silage 
components to hydrogen production. 
Silage media was chosen as the external nutrient source and was made following 
methods described in section 3.10.3 It was important to determine the optimum grass 
source for the production of silage. As a result, preliminary experiments were conducted 
using different types of ensiled grass clippings and assessing the ability of the media to 
produce hydrogen. Hydrogen production rates varied with the different types of grass, 
indicating that the grass source is an important factor. Overall, wastewater treated grass 
obtained from Clayton County Water Authority in Clayton, GA had the highest hydrogen 
evolution. This grass was irrigated by spraying secondary wastewater over the field as a 
biological sewage treatment process.47 Silage analysis conducted showed no major 
difference between the constituents of the non-irrigated and irrigated grass (Table 11). 
However, the treatment process did have a significant effect on the growth rate of the 
irrigated grass. Dry mass weights of non-irrigated grass and irrigated grass have a 200% 
difference (Table 12). 
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Table 11. Nutrient analysis of ensiled grass clippings grown with and without 
wastewater irrigation. 
Ensiled Grass Constituent Non-irrigated Grass 
Quantity 
Irrigated Grass Quantity 
Total Organic Carbon 34.9% 32.3% 
Nitrogen 2.64% 2.94% 
Potassium 2.20% 2.29% 
Phosphorus 0.25% 0.37% 
Sulfur 0.19% 0.23% 
Table 12. Dry matter content of Non-irrigated and wastewater Irrigated grass. 
Grass Type Wet Weight(g/m2) Dry Weight (g/m2) 
Non-irrigated Grass 75.5 22.4 
Irrigated Grass 210.05 68.3 
In this study wastewater irrigated grass was used to produce the silage media 
nutrient media. At the start of the experiment, two mats depleted of nutrients were used, 
one for the addition of external nutrients and the other as the control. 
Results of the experiment are shown in Figure 14 and Table 13. There is no 
immediate rejuvenation of hydrogen producing rates after the addition of the silage 
media. In fact, approximately 100 days pass before there is an increase in hydrogen 
production. This is probably due to the fact that during the 100 days, the microorganisms 
are in a lag period phase. During this period the microorganisms use the new nutrients to 
first grow new cells and resynthesize internal biomolecules. After the lag period, then the 
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cells begin to produce hydrogen. This phenomenon can also be seen in the control 
bottle. However, because there was no addition of nutrients in the control, the microbes 
are more than likely feeding on dead cells. These dead cells were not a sufficient source 
of nutrient, which is indicated by the lower hydrogen production rates. 
Overall, the addition of silage media was quite effective in the rejuvenation of the 
microbial mat’s hydrogen producing capabilities. Hydrogen production rates after the 
nutrient surpassed all previous hydrogen levels, with rates as high as 6 pg H2/ L cells/ h. 
Moreover, hydrogen production levels produced by the sample with the nutrient additions 
were more than 50% higher than the evolution rates of the starved mat. 
The use of the Clayton County water ensiled grass clippings as an external 
nutrient provided a massive supply of biomass, which the microbial mat community 
utilized as feedstock. The ensiling process generates two important fermentation 
products, organic acids, notably lactic acid and acetic acid, and ensiling bacteria. To 
determine the contribution of these internal silage components to hydrogen production, 
studies were conducted using these components in different combinations with the 
microbial mat system. Four different combinations were used: 
1) microbial SCP and non-sterile silage media 
This combination contained all three components: microbial mat, organic acids, 
and ensiling bacteria 
2) microbial SCP and sterile silage media 
Sterilizing the silage media removed the ensiling bacteria, thereby focusing on 
microbial mat and organic acids only 
3) microbial SCP with only water as the media 
4) non-sterile silage media without the addition of microbial SCP 
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The last two combinations were added to access the contribution of the mat alone and 
the silage bacteria alone to hydrogen production, respectively. All bottles were routinely 
analyzed for hydrogen production (Figure 15 and Table 14). 
Hydrogen production by test bottles containing the non-sterile silage media 
additions was two times higher than all other sample bottles producing 2.5 pg H2/L 
cells/h in 50 days. Bottles containing microbial SCP and sterile silage media and non- 
sterile silage media only performed alike, with the sterile silage media and microbial SCP 
producing 0.5 gg H2/L cells/h more than the non-sterile silage media alone. Whole 
microbial mat in the water medium was slow in hydrogen generation. However, after day 
36 hydrogen production rates increased. Yet, by day 50, the control (containing silage 
bacteria alone) only produced 1.4 gg H2/L cells/h. 
Hydrogen production rates by microbial SCP with the non-sterile silage media 
compared to all other test bottles on days 36-50 were statistically significant (P<0.05). 
By day 43 microbial SCP with non-sterile silage media was significantly higher than all 
other test systems, yielding P values less than 0.01. 
The effectiveness of the microbial SCP and non-sterile silage media suggests a 
synergestic effect of silage bacteria and mat. When the silage bacteria is eliminated, 
hydrogen production rates by microbial SCP declined. This indicates that the silage 
bacteria are playing a key role in hydrogen production and non-sterile silage wash is the 
optimum media for elevated levels of hydrogen production. This may be due the 
combined effect of silage bacteria producing fermentative hydrogen while 













Figure 14. Rejuvenation of hydrogen production by microbial SCP 













Figure 15. Hydrogen production by microbial mat utilizing various mediums. 
Table 13. Data from the Rejuvenation of Hydrogen Production Experiment 
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Day Nutrient Addition Sample 
(pg H2/ L cells/ h) 
Control 
(pg H2/ L cells/ h) 
1 0.04 0.01 
43 0.16 0.18 
54 0.13 0.13 
75 0.07 0.08 
110 0.09 0.10 
117 0.09 0.09 
124 0.05 0.07 
138 0.02 0.08 
155 0.42 0.27 
162 0.53 0.29 
227 0.60 0.38 





(jag H2/ L cells/ h) 
Day 36 
(gg H2/ L cells/ h) 
Day 43 
(jig H2/ L cells/ h) 
Day 50 
(gg H2/ L cells/ h) 
A 0.34 0.79 0.79 0.67 
B 0.31 0.64 0.76 0.67 
Mat/sterile 
silage media 
A 0.37 0.46 0.30 0.25 
B 0.36 0.29 0.37 0.34 
Mat/Water 
A 0.32 0.29 0.34 0.42 
B 0.33 0.32 0.34 0.40 
Sterile Silage 
Media 
A 0.21 0.25 0.01 0.01 
B 0.28 0.31 0.29 0.28 
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4.4.4 Selenium Stimulated Hydrogen Production 
Previously, Moore and Kaplan investigated the use of rare-earth metalloids to 
stimulate hydrogen production in members of the purple nonsulfur bacterial class 
Proteobacteria, including Rhodobacter.5X The oxyanions , such as Te and Se, were 
reduced to their elemental form during a process in whch the microbes produced an 
excess of hydrogen (11.5 mmoles of hydrogen per mmole of Te° deposited).58 Whole 
microbial mat contains the purple nonsulfur bacteria, Rhodospeudomonas (belonging to 
the same group); therefore, it was important to investigate the possible increase of 
overall hydrogen production by the addition of a metalloid oxyanion to the microbial 
system. The combination of mat and non-sterile silage wash previously shown to have 
optimal hydrogen production was used. The selenate form of selenium was added as the 
metalloid stimulant (refer to section 3.10.4). Two preliminary experiments were 
conducted and cumulative hydrogen totals were calculated. As results indicate in Figure 
16 and Table 15, the ability of selenium to stimulate hydrogen production in microbial 
mats under the conditions chosen is inconclusive. No conclusions can be drawn from this 
experiment; therefore, further research in this area is required. Because the rare-earth 
metalloids are stimulants of only the Rhodopsuedomonas bacteria only, future studies 
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Figure 16. Comparison of cumulative data from selenium stimulation experiments. 
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Table 15. Selenium Stimulated Hydrogen Production Data 
Experiment 1 
(|ig Ha/ L cells/24 h) 
Experiment 2 
(ggH2/L cells/24 h) 
Microbial SCP/Se 
A 10.9 20.5 
B 7.59 29.8 
Microbial SCP/No Se 
A 6.61 46.0 
B 1.88 41.0 
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4.4.5 DCMU Experiment 
Hydrogen evolution by microbial mats can theoretically occur by two distinct 
processes: 1) water splitting by cyanobacteria utilizing photosystem I and photosystem 
II together, Figure 17 or 2) the use of organic acids in photoassimilation by both 
cyanobacteria and Rhodospeudomonas via the hydrogenase or nitrogenase enzyme 
utilizing photosystem I only, Figure 18. In order to distinguish which process is 
responsible for hydrogen generation in microbial mats, it was necessary to inhibit one 
system. This was done by the addition of the herbicide DCMU, [3-(3,4-Dichlorophenyl)- 
1,1-dimethylurea]. DCMU acts as an inhibitor by blocking the photosynthetic electron 
transport from photosystem II at the cyctochrome/site, abolishing photosynthetic oxygen 
production (refer to Figure 19). Consequently, only photosystem I (cyclic production) is 
functional. 
To study the effect of DCMU, it was added to a test bottle after constant levels of 
hydrogen production were observed in the system. An additional test bottle, with no 
DCMU additions, served as the control. 
Hydrogen generation was monitored over a 153-day period, see Figure 20 and 
Table 16. There was little difference in hydrogen production rates of the DCMU-treated 
sample and the control. Accordingly, these results indicate that hydrogen production in 
microbial mats occurs via photosystem I. 
These results were verified by data obtained from the Qubit Systems’ nitrogen 
fixation laboratory package (3.8.5). Samples treated with DCMU and placed in 
continuous direct sunlight also showed no inhibition of hydrogen production. Moreover, 
the evolution rates of the DCMU-treated samples were generally higher than those 
samples with no DCMU additions. Although DCMU is an inhibitor, it may be added to 
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Figure 17. Hydrogen production utilizing photosystem II and photosystem I. 
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Figure 18. Hydrogen production utilizing photosystem I. 
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Figure 20. Inhibition of photosystem II by addition of DCMU. 
Table 16. Data from DCMU Experiment 
Day DCMU Treated Sample 
Gig H2/ L cells/ h) 
Control 
(gg H2/ L cells/ h) 
1 0.01 0.003 
36 0.55 0.38 
43 0.60 0.44 
50 0.52 0.56 
64 0.25 0.29 
81 0.85 0.88 
88 0.85 0.98 
153 1.41 1.31 
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4.4.6 Inhibition of the Nitrogenase Enzyme 
Hydrogen production by microbial mats may occur via the hydrogenase or 
nitrogenase enzyme. The goal of this experiment was to decipher between the 
contributions of hydrogenase versus nitrogenase to hydrogen production using an 
ammonium addition. Ammonium is known to inactivate the nitrogenase enzyme by 
feedback inhibition, thereby inhibiting hydrogen production. Nitrogenase synthesis is 
repressed by the addition of reduced nitrogenous compounds, such as NH4, into the 
microbial system. Inhibition of the nitrogenase enzyme is only temporary, because as 
new cells grow, the enzyme can be resynthesized and reactivated. The hydrogenase 
enzyme is unaffected by ammonium, and therefore, can continue producing hydrogen in 
its presence. 
To study the effect of ammonium on the hydrogen producing ability of 
nitrogenase, ammonium nitrate was added as the ammonium source to a microbial system 
after continued levels of hydrogen production was observed. An analogous test bottle 
with no ammonium nitrate addition was added as a control (see section 3.10.6). 
Hydrogen production rates were routinely monitored over a 153-day period 
(Table 17). Hydrogen production stopped in the sample treated with ammonia nitrate 
within in 30 days of the ammonium addition, refer to Figure 21. The control, which 
began its hydrogen production cyclic phase during that time, increased hydrogen 
production generating some hydrogen levels as high as 2 pg/ L cells/ h. These results 
suggest that the nitrogenase enzyme is the primary source of hydrogen evolution and that 
the hydrogenase enzyme has minimal contribution in hydrogen production within the mat 














Figure 21. Inhibition of the nitrogenase enzyme by the addition of ammonia nitrate 
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Table 17. Data from the Inhibition of the Nitrogenase Enzyme Experiment 
Day Ammonium Treated Sample 
(jig Ha/ L cells/ h) 
Control 
(pg H2/ L cells/ h) 
1 0.34 0.30 
36 0.79 0.64 
43 0.79 0.76 
50 0.67 0.67 
64 0.66 0.52 
81 0.13 1.65 
88 0.09 1.88 
153 0.09 1.58 
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4.5 Identifying Packets of Metal With Electron Micrographs 
Figure 22 and Figure 23 shows electron micrographs of whole microbial mat treated 
with selenate and lead, respectively. Lead treated microbial mat electron micrographs 
from earlier research have been added to contrast the difference between a complex 
biological and chemical remediation process with a simple ion-exchange process on cell 
surfaces. 
Lead removal is a chemical ion-exchange process. The positive lead ions are 
attracted to the negatively-charged end of uronic acids found on the surface of the 
cyanobacteria cells. Once the lead ions come in close proximity to the microbial mat, 
they bind to the negatively charged cell surfaces, resulting in the removal of lead from 
solution. Figure 22 illustrates a) Microbial mat: predominately, cyanobacteria, 
Oscillatoria, with lead deposits attached to the filaments of the cyanobacteria, and 
b) Elemental analysis of the surface of the microbial mat. The positively-charged lead 
outlines the filamentous structure of the cyanobacteria, indicating lead remediation by 
microbial mat is a chemical ion-exchange process. 
The reduction of selenate to elemental selenium results from a combination of 
biological and chemical processes that change the overall microbial mat environment. 
The result of these changes is the deposit of conglomerates of elemental selenium on the 
surfaces of the mat cells. Figure 23 shows a) Microbial mat: predominately filamentous 
(high surface area) cyanobacteria, Oscillatoria, with entrapped selenium deposits that are 
not associated with the filamentous cells, and b) Enlargement of aggregated deposits 
unassociated with the filamentous cells of the cyanobacteria. 
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Both non-complexed U(VI) and Se(VT), when treated with mats, show solid 
deposits that are not associated with cells. Earlier research showed that selenium 
deposited as elemental selenium (Galbraith Lab analysis)1, whereas uranium precipitated 
as uranyl oxide (Brookhaven National Laboratory)36,62. The selenium deposits are stable, 
whereas the uranyl deposits can be resolubilized by oxygen which oxidizes the U+4 to 
U46 Therefore, in any field removal systems for U46, the mats/uranium mass must stay 
in the dark, thereby remaining anaerobic. 
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Figure 22. Electron micrographs of Pb-treated microbial mat. 
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Figure 23. Electron micrographs of selenate treated microbial mat. 
CHAPTER 5 
SUMMARY AND CONCLUSIONS 
Microbial mats, dominated by cyanobacteria, are complexed, layered microbial 
communities which have been successfully used in the bioremediation of contaminated 
water. Microbial mats, along with two groups isolated from the mat consortium, 
(Rhodospuedomonas and sulfur-reducing bacteria), were immobilized on a silicon 
dioxide surface and used in this remediation research. These silica bound cells provided 
a means for removing the two metallic anions, complex carbonated uranium and selenate. 
The use of ensiled grass clippings treated with secondary wastewater served as a low-cost 
option for the management of the microbial community and also provided organic 
material for hydrogen production, important for U+6 and Se+6 reduction. Removal of 
both carbonated uranium and selenate from solution required a highly reducing 
environment, characterized by low redox, anoxic conditions, and high reducing 
enzymatic activity. The removal of the anionic or carbonated form of uranium U(VI) 
was generally lower than removal of non-carbonated, cationic form of the ion. 
Rhodospeudomonas alone was found to be most effective combination for 
selenium removal. A 10% (50 mL) solution of silica-immobilized Rhodospuedomonas 
deposited 11 mg of selenate in 36 hours, a 73% reduction in the initial concentration 
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(75 mg/L added). The Rhodopsuedomonas alone combination may be effective in 
removal of complex carbonated uranium. However, these studies need to be refined to 
confirm the effectiveness of the Rhodospuedomonas alone combination for removal of 
this species. 
A reducing environment appropriate for metallic anion removal was maintained 
via hydrogen production. Generation of hydrogen from cyanobacteria and 
Rhodospuedomonas produced extremely low redox values, thereby creating highly 
reducing, anoxic conditions where enzymes function efficiently and metals are 
effectively reduced. Hydrogen generation was via photosystem I and the nitrogenase 
enzyme. Microbial mat maintained with silage wash media generated maximum 
hydrogen production under continuous low light photosynthetic conditions. The nature 
of the silage may also serve as a nutrient source to restore high levels of hydrogen 
generation in mat. In addition, the ensiling bacteria, Lactobacillus, found in the mat can 
also contribute to increased hydrogen levels through hydrogen production by 
fermentative processes. 
Isolation of microbial mat on a silica gel surface maintained on ensiled grass 
clippings provides a low cost, non-toxic system for the removal of metallic anions in 
solution. Microbial mat is easily managed and grows effectively on the silica surface. 
Additionally, the silica gel provides durability and structural support, while grass silage 
provides nutrient supplies. As a result, reducing conditions are easily established and 
maintained. Ultimately, because microbial SCP has demonstrated usefulness in removal 
of selenate, this treatment might also be useful in treating water contaminated with other 
anionic metals. The microbial mat was not effective in removing complex carbonated 
87 
uranium from solution. However, carbonated uranium has been historically shown to 
be difficult to remove. 
The microbial SCP can be easily applied to field applications. Whole microbial 
mat is very resilient, and can withstand the most extreme conditions; accordingly, it 
would be ideal for bioremediation processes. Immobilization of the whole mat on the 
silicon dioxide surface provides two key advantages for field applications: 1) microbial 
SCP can be easily managed in the field because they withstand seasonal variations and 2) 
the microbial SCP can be kept alive and functional by low-cost nutritional additions, such 
as silage media. Under light conditions, the entire mat consortium can be supported by 
the photosynthetic functions of cyanobacteria. The durability and manageability of the 
microbial SCP system can provide a means of continuous remediation by natural 
reduction processes.47’61 
Research in this area needs to be continued, and there are a number of pathways 
that can be followed. It has been shown that the microbial mat system is effective in 
reducing non-complexed uranium and selenate to non-toxic forms. Future studies may 
focus on the ability of the mat to reduce toxins such as polonium and tellurium. These 
pollutants are not only in the same family as selenate, but they are also known to be 
radioactive daughter products of uranium. Therefore, the mats may also be effective in 
remediating these pollutants. 
There also needs to be further investigation done on complex carbonated uranium. 
One possible avenue is to study the chemistry of the complexed ion. A better 
understanding of the chemistry of the carbonate ion and its interaction with uranium 
might yield information on its removal from solution. Additional experiments linked 
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with results obtained from this study is another option. Future experiments could 
include: 1) exploring the addition of DCMU to the microbial system, to inhibit oxygen 
production, before the mat is treated with complex carbonated uranium solution and 2) 
further static pond studies using the Rhodopsuedomonas/sulfur-reducing bacteria 
combination. 
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